Introduction {#sec1_1}
============

Polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy (PLOSL), more commonly known as Nasu-Hakola disease, is a rare fatal disease that is characterized by a combination of progressive presenile dementia and sclerosing leukoencephalopathy with bone cysts \[[@B1]\]. It was found in the 1960s, in both Finland and Japan \[[@B1],[@B2]\]. About 200 cases have been identified in the world, mostly in Japan (over 100) and Finland (36), but also in other countries \[[@B3]\]. PLOSL is a recessively inherited disease \[[@B1],[@B4]\], with a mutation on chromosome 19q131 \[[@B5]\], subsequently identified as the DAP12 gene in all Finnish patients and in some Japanese patients \[[@B6],[@B7]\]. This mutation has also been identified in some Scandinavian patients with a gene deletion in exons 1--4. Moreover, a gene deletion of G 141 has been found in Japanese patients \[[@B3]\]. A mutation in the TREM2 gene can result in similar disease characteristics as a mutation in the DAP12 (TYROBP) gene \[[@B8]\]. Both DAP12 and TREM2 are expressed by central nervous system microglia and oligodendrocytes. DAP12 deficiency results in functional defects of these cells, and it also leads to synaptic abnormalities. Molecular genetic studies have also found that mutations in the DAP12 gene cause disorders that affect the function of osteoclast cells in bone \[[@B9],[@B10],[@B11]\]. Unfortunately, these studies have not yet led to any results that are helpful in the care and treatment of PLOSL patients.

The course of PLOSL is steadily progressive. It has been divided into 4 stages: 0, 1, 2 and 3 \[[@B1],[@B4]\]. In childhood, this disease is mostly without symptoms (the latent phase = 0). Around the age of 20 years, patients begin to suffer from pain and tenderness in the ankles and wrists, followed by bone fractures (the skeletal symptom phase = 1). At this point, diagnostic imaging is necessary \[[@B1],[@B12]\]. The clinical neuropsychiatric features of PLOSL have been described in a follow-up study of 22 patients \[[@B4]\]. Neuropsychiatric symptoms appear insidiously during the fourth decade of life, and gradually form disease characteristics that consist of dementia with prefrontal psychosyndrome, signs of upper motor neuron involvement, apraxic-aphasic symptoms and myoclonic twitches (the early phase of neuropsychiatric symptoms = 2). These symptoms progress steadily, and they are later accompanied by other symptoms, especially epileptic seizures (the late phase = 3). Death follows before the age of 50 \[[@B4]\].

Neuropathological changes in PLOSL have been well described. Upon neuropathological examination, atrophy and sclerosis of the white matter are found primarily in the frontal and temporal lobes of the brain \[[@B3],[@B13],[@B14],[@B15],[@B16],[@B17],[@B18]\]. Morphological changes in the brains of living patients are visible by neuroradiological methods, i.e. pneumoencephalography \[[@B19],[@B20]\], and by MR and CT \[[@B21]\]. Electroencephalography also shows alterations \[[@B22]\].

In the early phase, neuropsychiatric symptoms such as prefrontal psychosyndrome and advancing loss of memory are noticed. Both of these neuropsychiatric symptoms have been described in casu in Hakola\'s articles \[[@B1],[@B4]\]. More recently, Ilonen et al. \[[@B23]\] reported on personality functioning in PLOSL, as evaluated by the Rorschach test. These results are in accordance with those that are typical of frontal lobe dementia.

Deterioration of visual memory has been reported in PLOSL patients \[[@B24]\], but an evaluation of verbal memory functioning has only been conducted in case studies without proper control groups. In order to investigate this aspect further, we compared word list learning and recall between PLOSL patients and control subjects.

Patients and Methods {#sec1_2}
====================

The study population comprised 23 of the 36 PLOSL patients who were diagnosed in Finland at the time of the study (table [1](#T1){ref-type="table"}). Ten patients were female and 13 male, and the mean age was 35.3 years (SD 4.2 years). Severity of dementia was clinically observed and graded as very mild or mild (n = 8), moderate (n = 8) or severe (n = 7). In all cases, the diagnosis was confirmed by bone radiography, a clinical neuropsychiatric examination as well as a neuroradiological examination. The disease phase and the symptoms of prefrontal psychosyndrome refer to the time when verbal memory was evaluated. Neuroradiological and neuropathological evaluations of brain atrophy were made after assessment of verbal memory. Twenty-three healthy controls, with a mean age of 36.5 years (SD 5.7 years), were matched according to sex, age and estimated primary intelligence level.

As a measure of verbal memory, a version of Luria\'s conventional word list test that has been used in Europe since the 1950s was used \[[@B25]\]. Each patient was administered the 10-word list test by Hakola. Administration of the test was repeated for 10 trials, or until the patient recalled 10 words correctly on 4 consecutive trials. After the tenth trial, the patients were told to remember the words as they would be asked to recall them later (after a 5-min delay). Performance on the 10-word list-learning test was coded on variables that included the number of recalled words on each acquisition trial and the number of words recalled on the delayed trial. With this procedure, a learning curve and delayed recall measures were obtained. Due to the small number of subjects, a more detailed analysis based on the learning trial results was not performed. A sum of learned words during 10 acquisition trials was counted. Consequently, the average number of words learned during the 10 acquisition trials and delayed word recall were compared between control subjects and PLOSL patients.

A permutation type test was used to compare differences between the 10-word list-learning groups. For statistical analysis, 95% confidence intervals were obtained by bias-corrected bootstrapping (5,000) replications. Due to the small number of observations and assumptions underlying the corresponding parametric test, the analysis cannot be relied on.

Results {#sec1_3}
=======

Learning curves of the PLOSL patients and the control subjects, according to the severity of dementia, are shown in figure [1](#F1){ref-type="fig"}. Compared with the healthy control subjects, PLOSL patients with mild dementia did not have a statistically significant impairment in word list learning (p = 0.25), whereas patients with moderate (p \< 0.001) or severe dementia (p \< 0.001) had a pronounced impairment in learning. In the delayed word recall trials, patients with mild dementia did not have a statistically significant impairment when compared with the controls (8.2 ± 1.8 vs. 9.0 ± 0.8; p = 0.45), while those with moderate (6.5 ± 1.6 vs. 9.0 ± 0.8; p \< 0.005) or severe dementia (1.9 ± 2.1 vs. 9.3 ± 1.0; p \< 0.001) were clearly impaired.

Discussion {#sec1_4}
==========

PLOSL patients with moderate or severe dementia had markedly impaired learning and delayed recall in the word list-learning test, whereas those with mild dementia performed like the control subjects. The level of impairment was the same in the learning phase and in the delayed recall phase. According to Hakola \[[@B4]\], many behavioural problems were already present at the time of memory testing, e.g. inappropriate social conduct, euphoria, lack of insight and social inhibitions, lack of initiative and libido, inability for exertion, lack of persistence, low tolerance to disturbing factors and poor concentration ability. In PLOSL, neuropsychiatric symptoms and behavioural alterations usually appear earlier than impaired memory \[[@B4],[@B25]\]. Impaired behavioural control is one of the first cognitive symptoms in PLOSL, which may affect cognitive performance through impaired attention and lack of concern for accuracy \[[@B4],[@B20]\].

Why is word list learning impaired in PLOSL? A traditional explanation suggests that degeneration of the frontal lobe causes inefficient cognitive processing. According to Luria \[[@B26]\], the pathology of the mnestic function is apparent in persons with frontal lobe lesions when experiments involve memorizing a large series of elements. Patients with frontal lobe dysfunction memorize only a few words at a time, and on subsequent presentations of the series, they continue to repeat the same elements as before, without comparing the result with the original series. In patients with frontal lobe syndrome, there is a disruption in taking into account the level of success or failure of previous actions. Therefore, they are less likely to aim at improving their performance in the word list-learning test. However, other structures besides the frontal lobes are involved in the cognitive dysfunction of PLOSL.

Neuroradiological and neuropathological findings of a PLOSL brain offer a more detailed explanation of behavioural and cognitive symptoms. In neuroimaging studies, frontal and temporal cerebral atrophy, white matter changes and calcifications of basal ganglia, especially in the putamen, have been frequently reported \[[@B3],[@B25],[@B27],[@B28]\]. Pathological changes are characterized by diffuse and heavy symmetrical demyelination with fibrillary gliosis and axonal changes in the white matter \[[@B3]\]. Sometimes these alterations are detectable before the onset of clinical symptoms \[[@B19],[@B20]\]. Interestingly, changes in the basal ganglia of a heterozygote TREM2 mutation carrier (a symptomless PLOSL gene carrier) have been detected \[[@B29]\]. Occasionally, also cerebellar atrophy has been found \[[@B25]\]. Not only white matter, but also grey matter changes have been reported in PLOSL \[[@B25],[@B30],[@B31]\]. Aoki et al. \[[@B31]\] reported on 3 autopsy cases with PLOSL. Here, in addition to degeneration of the cerebral white matter, all the cases showed overt pathology in the grey matter. Neuronal loss in the thalamus, caudate nucleus, putamen and substantia nigra was prominent in each case, and one case had significant atrophy in the grey matter of the hippocampus and the amygdala. The authors suggested that the long duration of the disease and repeated epileptic convulsions have contributed to the severity of the grey matter lesions, particularly in the hippocampus. Nakamagoe et al. \[[@B30]\] reported on a PLOSL patient in whom behavioural abnormalities were detected at the age of 26 years. At the age of 34 years, MRI of the brain revealed diffuse high-intensity areas in the white matter as well as hippocampal atrophy. One year later, neuropsychological test results showed extremely poor performance on the Wechsler Memory Scale-Revised visual memory test and on the delayed memory test scores. In addition, a moderately impaired performance was shown in the remaining Wechsler Memory Scale-Revised scores. MRI revealed only mild brain atrophy before the onset of the convulsive seizures. Yet, since the onset of the seizures (9 months after neuropsychological testing), atrophy had progressed considerably. MRI revealed significant bilateral atrophy of the hippocampus, which corresponds to the history of convulsions and subsequent memory impairment \[[@B30]\]. Montalbetti et al. \[[@B29]\] reported on a female PLOSL patient with impaired visuospatial short-term memory and inability to perform a complex visuoconstructive task, whereas she obtained normal scores in verbal fluency, story recall and list-learning tests. Two years later, she presented a global worsening of her neuropsychological functions and tests could no longer be carried out. SPECT revealed marked hypoperfusion in the basal ganglia and in the frontal and parieto-occipital cortex. PLOSL patients with mild dementia were impaired in the Benton Visual Retention Test compared with the control subjects \[[@B24]\]. This suggests that impaired memory in PLOSL appears earlier in tests of visual memory than in verbal memory, as shown in the present study, where mildly demented subjects were unimpaired in the word list-learning test.

In conclusion, behavioural and cognitive symptoms in PLOSL progress along with degenerative changes in the brain. Cognitive functions with marked frontal lobe involvement are affected earlier than those with milder involvement. Therefore, neuropsychological tests involving planning, attention, visuoconstruction and visual memory may be affected earlier than a simple verbal memory test. In the advanced neuropsychiatric phase of PLOSL medial temporal lobes and the hippocampus are also affected, which leads to a pronounced memory impairment.
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PLOSL patients stratified by sex, age and their most important neuropsychiatric, neuroradiological and neuropathological findings

  Case code                                 3     4     5     7     8     10    12    15    16   18    19   20    21   22   23   24   28   29   30   31   32   33   35
  ----------------------------------------- ----- ----- ----- ----- ----- ----- ----- ----- ---- ----- ---- ----- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ----
  Sex                                       M     M     F     F     F     F     F     F     M    M     F    M     F    M    F    M    F    M    M    M    M    M    M
  Age                                       35    31    30    35    32    38    45    33    28   31    37   34    42   28   40   32   31   40   34   38   33   35   32
  Disease phase                             2     2     2     2     2     2     3     2     1    3     3    2     2    1    3    2    2    3    2    2    2    3    2
  Grade of clinical dementia                1     2     1     1     2     2     3     2     0    3     3    2     2    0    3    1    2    3    1    3    1    3    1
  *Prefrontal psychosyndrome*                                                                                                                                       
  Euphoria                                  \+    \+    \+    \+    \+    \+          \+    --   \+         \+    \+   --   \+   \+   --   ±    --   --   --   \+   \+
  Witzelsucht (facetiousness)               \+    \+    \+    \+    \+    \+          \+    ±    \+         \+    \+   --   \+   --   \+   --   --   --   --   \+   \+
  Lack of insight                           \+    \+    \+    \+    \+    \+    \+    \+    --   \+    \+   \+    \+   --   \+   \+   --   \+   \+   ±         \+   ±
  Lack of self-control                                  \+    \+    \+    \+    \+          --   \+    \+   \+         --   \+   \+        --   --   --   \+   \+   \+
  Lack of social inhibitions                      \+    \+    \+    \+    \+          \+    --   \+    \+   \+    \+   --   \+   --        --   --   --   \+   \+   \+
  Inclination to immediate reactions              \+          \+    \+    \+                --   \+               \+   --   \+   \+        --   --   --   --   \+   \+
  Impaired ability to concentrate                 \+    \+    \+    \+    \+    \+    \+    --   \+    \+   \+         --   \+   --        \+   \+   \+   --   \+   \+
  Lack of initiative                                          \+    \+    \+    \+    \+    --   \+    \+              --   \+   ±    --   ±    --   --   --   \+   --
  *Other neuropsychiatric symptoms*                                                                                                                                 
  Aphasia                                   --    \+    \+    \+    \+    \+    \+    --    --   \+    \+         \+   --   --   --   ±    --   --   --   --   --   --
  Apraxia                                   --    --    \+    --          \+    \+    \+    --   \+    \+         \+   --   --   --        \+   --   --   --   --   --
  Signs of upper motor neuron involvement   \+    \+    ++    ++    \+    \+    ++    ++    ±    ++    ++   ++    --   --   \+   \+   \+   ++   ±    ++   \+   \+   ++
  Epileptic seizures                              \+    \+    \+    \+    \+    \+    \+    --   \+    \+                   \+   --        --   \+   --   --   \+   \+
  Age at the 1st epileptic seizure                41    32    42    37    37    46    ?          25    34                   39                  43             32   39
  *Brain atrophy*                                                                                                                                                   
  At neuroradiological examination          +++   +++   +++   +++   +++   +++   +++   +++        ++    ++   +++   ++   \+   ++   ++        ++   \+                  
  At neuropathological examination          ++    +++   ++    ++    ++    ++                     +++                                                                

Up to date, there have been 36 diagnosed PLOSL patients in Finland. Case codes 3--22 refer to the patient numbering in Hakola\'s article \[[@B4]\]. Case codes 23--35 are new cases examined clinically by Hakola. Clinical symptoms refer to the time when the 10-word test was administered, while epileptic seizures and both neuroradiological and neuropathological examinations were assessed later. ± = Doubtful; + = mild; ++ = moderate; +++ = marked.
